Background: An important source of debate in many orthopaedic practices is the choice of performing simultaneous or staged bilateral total knee arthroplasty. Questions/Purpose: The objective of this meta-analysis is to compare simultaneous bilateral with staged bilateral total knee arthroplasty for peri-operative complication rates, infection rates and mortality outcomes. Methods: All relevant citations were retrieved from MEDLINE, EMBASE, COCHRANE databases and the unpublished literature. Included studies were assessed for methodological quality and abstracted data was conducted independently by two reviewers. Data was categorized into subgroups and pooled using the DerSimonian and Laird's random effects model. Results: A total of 18 articles were identified from 873 potentially relevant titles and selected for inclusion in the primary meta-analyses. The incidence of mortality was significantly higher in the simultaneous group at 30 days (RR [relative risk] 3.67, 95% confidence interval [CI] 1.68-8.02, p00.001, I 2 059%, n067,691 patients), 3 months (RR 2.45, 95% CI 2.15-2.79, p<0.00001, I
Introduction
Total knee arthroplasty (TKA) is a common orthopaedic procedure that is used to treat degenerative joint disease in a variety of patient populations. In 2002, approximately 381,000 total knee procedures were performed in the United States [17] . Knee replacement surgery has been reported in the literature as a cost-effective means of alleviating pain and restoring function in a variety of patients [10, 18] .
Approximately one third of knee replacement patients exhibit degenerative joint disease symptoms bilaterally, necessita ting knee replacement procedures in both knees [19] . Surgeons and patients are faced with the option of performing both knee replacement procedures simultaneously under one anaesthetic (simultaneous bilateral total knee arthroplasty) or staging the procedures over a specific time interval (staged bilateral total knee arthroplasty). Advocates of simultaneous bilateral total knee arthroplasty (SBTKA) suggest many advantages, including limiting surgery and anaesthesia to a single event, promoting symmetrical rehabilitation amongst both knees and a reduced length of stay at hospitals, which also translates to lower hospital costs [8, 9, 16, 18] . However, several studies have linked an increased number of complications and mortality events with SBTKA [3, 9, 16, 24] .
A major obstacle that surgeons face when evaluating patients for SBTKA or staged bilateral total knee arthroplasty (StBTKA) procedures is the lack of evidence available on these topics. Inconsistencies in study results occur when a small sample size is selected, resulting in underpowered studies that are unable to detect treatment effects.
Evaluation of the current evidence in the form of a systematic review and meta-analysis allows surgeons and patients to make an informed decision about the benefits and risks of bilateral knee replacement procedures. We undertook a systematic review and meta-analysis to evaluate complication, infection, and mortality rates amongst SBTKA and StBTKA. A systematic search strategy was developed to answer the following question: For adult patients undergoing total knee replacements, what is the difference between SBTKA and StBTKA on rates of perioperative complications, infection and mortality?
Materials and Methods
A systematic search strategy was developed in order to find all relevant articles comparing simultaneous and staged bilateral total knee arthroplasty. Articles were selected for inclusion if they compared complication rates, revision rates or mortality rates amongst simultaneous and staged procedures. We did not establish criteria for surgical technique, post-operative care, type of prosthesis or length of follow-up. Articles were excluded if: (1) they did not contain information comparing complication rates and mortality amongst patients undergoing SBTKA or StBTKA; (2) other surgical procedures were performed in conjunction with the knee replacement procedures; (3) the studies evaluated SBTKA or StBTKA independently; (4) SBTKA or StBTKA was compared to unilateral total knee arthroplasty (UTKA); (5) the study evaluated non-surgical interventions such as antibiotics, rehabilitation protocols and pharmaceutical interventions; (6) the studies were systematic reviews or book chapters about the topic; (7) the studies were expert opinion pieces, narratives or level V evidence; and (8) the studies were published in a foreign language.
Multiple search strategies were used to identify articles relevant to the research question. The electronic databases MEDLINE, EMBASE and COCHRANE were searched for relevant articles that were published from 1960 up to October 2010. Two reviewers (AB, TC)) also hand-searched the archives of annual meetings of the Orthopaedic Trauma Association (2000-2010), the Canadian Orthopaedic Association (2005-2010), the American Academy for Orthopaedic Surgeons (2008 Surgeons ( -2010 and the Combined Orthopaedic Associations (COMOC) for relevant literature. Additional search strategies included hand searching the bibliographies of previous meta-analysis, review articles and book chapters evaluating SBTKA and StBTKA for relevant titles [4, [25] [26] [27] .
Two reviewers (AB, TC) screened the titles and abstracts of all studies to select relevant articles. All studies were reviewed independently by both reviewers for inclusion (Fig. 1 ).
In the case of a disagreement, the two reviewers read the full article and discussed until a consensus was reached. If an agreement still could still not be reached, a third reviewer (NH) assessed the article for eligibility. If any additional information in regards to potential studies was needed, the corresponding author of the publication was contacted through email.
Two reviewers (AB, TC) reviewed each article for methodological quality independently. An adapted version of the Newcastle-Ottawa Scale (NOS) for retrospective studies and prospective studies [35] was developed for the critical appraisal of the included studies. The NOS was developed to assess the quality of nonrandomised studies with respect to study design, study content and generalizability to clinical populations. A scoring system is used to judge each study on three broad categories: selection of the study groups, comparability of the groups and ascertainment of either the exposure or outcome of interest for included studies. One of the items (Adequacy of follow up of cohorts) was deemed irrelevant for the retrospective study design and removed from the scale. Thus, the maximum achievable score for included studies was 8 stars for retrospective studies and 9 stars for prospective studies. For included studies, we considered a score 7 or higher to be reflective of high methodological quality; a score of 5 or 6 reflective of medium quality and a score of 4 or less to be reflective of low methodological quality. Disagreements between reviewers were resolved through a consensus process.
The primary outcomes of our study were articles that included information about peri-operative complication rates, mortality and revision rates for patients who received an SBTKA or an StBTKA procedure.
All information relevant to the research question was extracted from the included articles including patient demographics for each treatment arm, location of the study, publication year, methodological quality, reason for total knee arthroplasty, pre-operative co-morbidities, procedure times and type of technique used, total duration of follow-up time, mean length of stay at hospital, complication rates, revision surgery rates and mortality. Two reviewers (AB, TC) reviewed the information in each article and came to a consensus on all extracted information.
A κ (kappa) statistical test was used to determine the extent of agreement amongst individuals who determined eligibility for tests to include in the study. A κ value greater than 0.8 was deemed to represent excellent agreement between the two reviewers. Inter-reviewer agreement was evaluated using the intraclass correlation coefficient to determine concurrence in methodological quality scores. Once again, we selected a criterion of values greater than 0.80 to indicate sufficient agreement between reviewers.
We performed a meta-analysis by pooling outcome measures using the DerSimonian and Laird random effects model [5] . The incidence of mortality events, infections, and peri-operative complications including deep vein thrombosis, pulmonary embolism, cardiac complications and infections were compared in the SBTKA and StBTKA groups.
Unadjusted frequency data about mortality rates, revision rates and peri-operative complications was abstracted from the relevant studies and included in the meta-analysis. We used frequency data to calculate risk ratios and 95% confidence interval (CI) for all primary outcome measures between patients who underwent SBTKA or StBTKA. Review Manager 5.1 was used for statistical analyses. In cases when zero events are reported in both groups, a relative risk (RR) of 1.0 is calculated.
A subgroup analysis was conducted when appropriate in the meta-analysis plots. For mortality rates, studies were grouped according to follow-up times which included in-hospital mortality, 30-day mortality, 3-month mortality and 1-year mortality rates. Information about peri-operative complications was grouped according to the prevalence of pulmonary embolism, deep vein thrombosis and cardiac complications in patients who underwent SBTKA or StBTKA procedures. Infection rates were grouped into deep infection and superficial infection groups for both treatment arms.
Due to the differences in methodological quality, study design, presence of bias (publication bias, selection bias, attrition bias, etc.), there is a high possibility of heterogeneity in a data when calculating effect sizes. To counter this confounding factor, we performed a stratified analysis using a statistical test of interaction to evaluate the degree to which subgroup results differed from each other [1] . Reasons for heterogeneity in data may include cut off times used to define simultaneous versus staged bilateral TKA (e.g., 2 weeks, 6 months, 1 year), length of follow-up for report of complications and mortality, the year the study was published (before or after the year 2000), location of the study population, age of study population, surgical technique used and methodological quality as assessed by the NewcastleOttawa scale. Even though publication bias could not be adequately assessed in this review due to the limited number of studies in each outcome, we ensured that all citations of included articles were reviewed for eligibility.
In order to control for multiple testing and inflation of type I error, we defined a significant difference between subgroups as p<0.01. Heterogeneity was classified between studies using an I 2 statistic, where an I 2 value <25% represents low heterogeneity and an I 2 value >75% represents high heterogeneity [11] .
Results
The primary literature search identified 873 potentially relevant titles. Twenty-three non-randomized trials [3, 6, 7, 15, 16, 19-24, 28-31, 33, 34, 36] were selected for a full-text review. Twenty-one studies were classified as retrospective studies and two studies were classified as prospective studies [14, 32] . The authors decided to exclude these two studies in order to maintain a low level of heterogeneity since the included studies were already of moderate/poor quality; however, the results from one article [14] were not completely discounted and will be discussed in a later sections of this review. The other prospective study [32] did not sufficiently report patient important outcomes to allow for comparisons to be made. Overall, the results from the two prospective studies are summarized in Table 1 . Two studies [9, 12] did not report any events for the primary outcomes and one study [2] compared SBTKA with the first of two staged procedures which resulted in its exclusion from the meta-analysis. Lastly, three studies [6, 21, 24] reported information in regards to revision rates; however this outcome was not pooled as all three studies used different time frames to assess the outcome. As a result, a pooled estimate for this outcome would not have generated a strong measure of association. Hence, a total of 18 studies were selected for inclusion in the meta-analyses. The weighted κ for agreement between reviewers about articles to include in the meta-analysis was 0.896 (95% CI 0.835-0.957) which indicates excellent agreement [14] . The 18 included studies provided information about 108, 212 patients which included 65,265 StBTKA and 42,947 SBTKA procedures ( Table 2) . Staged procedures were performed anywhere between 3.6 days and 5.9 years. The averaged patient age was 68.8 years (range 19-93 years) and approximately 65.1% of patients were female. Eleven studies were performed at orthopaedic centers in the USA, three at centers in the United Kingdom, and one study each in Australia, South Korea, Sweden and Taiwan. Using an adapted version of the NOS, we classified two studies [7, 22] in the high methodological quality group, 15 studies in the moderate methodological quality group [3, 6, 15, 16, 19-21, 23, 24, 28-30, 33, 34, 36] and one study in the low methodological quality group [31] . There was substantial agreement amongst reviewers for all items on the NOS (intraclass correlation coefficient 0.979, 95% CI 0.975-0.982).
The incidence of mortality suggests that staged bilateral procedures have a significantly lower mortality rate than simultaneous procedures. Information about mortality in simultaneous and staged groups was abstracted from 15 studies [6, 7, 15, 16, 19-23, 28-30, 33, 34, 36] . Four studies [16, 19, 21, 23] reported zero inhospital mortality events post surgery for both comparison groups and one study [6] reported zero mortality events 30 days after surgery for both groups. Lastly, one study reported mortality at 15 days [15] and another reported at 60 days [30] . As a result, these studies were not included in the pooled estimate as no other studies reported data at these time points. The risk ratios amongst individual studies ranged from 0.94 to 9.18. Mortality rates over the first year ranged from 0.31% during inhospital stay to 3.41% at 1 year after surgery for the SBTKA procedure. Mortality rates for the StBTKA procedure ranged from 0.27% during in-hospital stay to 2.02% at 1 year after surgery. The incidence of mortality in both groups was categorized into four subgroups (Fig. 2) The "Outcomes reported" column only lists information used in the individual forest plots NOS New Castle-Ottawa Scale, NR not reported, PE pulmonary embolism, DVT deep vein thrombosis, CC cardiac complications, IR infection rates, RR revision rates procedures have a significantly lower mortality rate than simultaneous procedures. The heterogeneity was higher than the pre-defined 25% cut-off when both groups were combined and this supported conducting sub-group analyses. It is important to note that there were no significant differences (p>0.05) in year of publication and mortality rate between the two groups at all time points. The prospective study that was excluded from this review measured peri-operative mortality rates also found no significant difference between the two groups [14] . The prevalence of the peri-operative complications in the pulmonary embolism, deep vein thrombosis and cardiac complications groups were relatively similar across both treatment arms. Eight studies provided information about the incidence of pulmonary embolism in both knee replacement groups [19, 21-24, 28, 30] during the peri-operative period. Five studies provided information about the incidence of deep vein thrombosis [3, 19, [21] [22] [23] and five studies provided information about the prevalence of cardiac complications in both patient groups [19, 21, 22, 28, 31] . Two studies [19, 21] reported zero pulmonary embolism events following simultaneous and staged BTKA. The risk ratios amongst individual studies varied from 0.64 to 4.78 (95% CI 0.06-45.51) for pulmonary embolism, 0.35 to 1.22 (95% CI 0.01-12.26) for deep vein thrombosis and 0.07 to 1.08 (95% CI 0.00-16.08) for cardiac complications. This was also found to be consistent with the excluded prospective study [14] . Approximately 0.91% of patients in the simultaneous treatment arm and 0.79% of patients in the staged treatment arm experienced an episode of pulmonary embolism. Deep vein thrombosis rates were also similar amongst both groups, affecting 1.47% of patients in the simultaneous arm and 1.30% of patients in the staged arm. Lastly, cardiac complication rates were similar amongst both groups as well, affecting 1.67% of patients in the simultaneous arm and 1.60% of patients in the staged arm.
Analysis of the results (Fig. 3) across studies illustrates no increased risk of in-hospital pulmonary embolism following simultaneous or staged BTKA procedures (RR 1.17, 95% CI 0.90-1.53, p00.23, I
2 00%, n036,533 patients). Furthermore, there was no increased risk of in-hospital deep vein thrombosis (RR 0.89, 95% CI 0.44-1.80, p00.75, I
2 011%, n033,929 patients) or in-hospital cardiac complications (RR 0.70, 95% CI 0.28-1.71, p 00.43, I 2 037%, n036,094 patients) in either treatment arm. The heterogeneity in the cardiac complications group and the deep vein thrombosis group can be explained by publication year of the study. Studies published before 2000 report a lower risk of cardiac complications (RR 0.14, 95% CI 0.03-0.68, p00.01, I 2 00%, n0230 patients) in the simultaneous bilateral group and studies published after the year 2000 report no difference in Fig. 2 . Meta-analysis forest plot on non-randomized trials comparing mortality rates amongst simultaneous and staged bilateral total knee arthroplasty procedures.
either group (RR 1.08, 95% CI 0.89-1.31, p00.41, I
2 00%, n0 35,864 patients). Studies published before the year 2000 show a trend of lower deep vein thrombosis events in the simultaneous group; however this result is not statistically significant (RR 0.25, 95% CI 0.06-1.12, p00.07, I
2 00%, n0267 patients). The study published after the year 2000 reports no difference in deep vein thrombosis events in either surgical procedure (RR 1.22, 95% CI 0.98-1.52, p00.23, n033,662 patients). The statistical test of interaction revealed a significant difference between these two subgroups (z0−2.10, p00.02) which Fig. 4 . Meta-analysis forest plot on non-randomized trials comparing peri-operative infection rates amongst simultaneous and staged bilateral total knee arthroplasty procedures. Fig. 3 . Meta-analysis forest plot on non-randomized trials comparing peri-operative complication rates amongst simultaneous and staged bilateral total knee arthroplasty procedures.
validates the publication date as a source of heterogeneity for deep vein thrombosis events. The incidence of peri-operative infection events in the superficial and deep infection subgroups was higher in the staged treatment arm; however, this finding was not statistically significant (Fig. 4) . Peri-operative Infection rates were divided into two primary subgroups; superficial knee infections and deep knee infections. Six studies [15, 16, 19, 21, 28, 36] provided information about the incidence superficial knee infection and 5 studies [4, 9, 19, 28, 36] provided information about deep infection. Two studies [16, 36] reported zero superficial and deep infection events following simultaneous and staged BTKA. The risk ratios amongst individual studies varied from 0.38 to 1.04 for superficial infection and 0.69 to 1.14 for deep infection. Approximately 0.43% of patients in the simultaneous treatment arm and 0.81% of patients in the staged treatment arm had a superficial infection event. Deep knee infection rates were also similar amongst both groups, affecting 0.75% of patients in the simultaneous arm and 0.90% of patients in the staged arm. Analysis of the results across studies illustrates no increased risk of superficial knee infection following simultaneous or staged BTKA procedures (RR 0.86, 95% CI 0.30-2.50, p00.79, I 2 00%, n05,242 patients). It should be noted that when data was stratified according to year of publication, the pooled results from the two studies [15, 19] published before the year 2000 trended towards a higher rate of superficial infections when using staged BTKA; however it was still non-significant (RR 0.56, 95% CI 0.07-4.28, p00.58, I
2 00%, n0362). The two studies [28, 36] published after the year 2000 reported virtually no difference between the two groups (RR 1.01, 95% CI 0.29-3.54, p00.98, I
2 00%, n04880). This difference may have been due to the variety of changes such as those in surgical procedure and perioperative care which may have decreased the rate of superficial infections. The risk ratio calculated for the risk of a deep infection event in either comparison group was nonsignificant (RR 0.79, 95% CI 0.28-2.25, p00.97, I
2 00% n04716 patients). This is once again consistent with the results from the excluded prospective study [14] . There was no evidence of heterogeneity in either subgroup. No differences were observed when data was stratified according to time of publication.
Discussion
The purpose of this review was to provide insight about the benefits and risks associated with surgical techniques used for the treatment of bilateral degenerative knee conditions. This review focuses on the incidence of mortality, perioperative complications, and infection rates following simultaneous and staged bilateral TKA. The results of our review suggest a decreased risk of mortality following staged procedures at 30 days, 3 months and 1 year after surgery. However, the results suggest that the two procedures are comparable with regards to complication and infection rates. More specifically, there significant differences were not observed in cardiac complications, pulmonary embolism, deep vein thrombosis and superficial/deep infection.
The findings of our study indicate a reduced risk of mortality following staged procedures. The higher risk of mortality in the simultaneous group may be due to the invasive nature of the procedure when compared to staged surgery (two knees simultaneously versus one knee at a time). While the analysis of mortality rates displays a clear advantage for staged procedures, it is important to remember that patients categorized in the staged group must survive the first operation in order to receive the next one. In addition, several other patient related factors associated with age may affect the mortality rate at 1 year. Second, when staged procedures are performed over longer periods of time, patients may die in between both procedures. These patients are considered unilateral TKA patients in a majority of analyses which may not be true as they may display bilateral symptoms. Furthermore, surgeons may decide not to perform the second staged procedure on patients who experienced significant complications following the first procedure. This adds additional bias to the results and limits the validity of the findings.
Our findings in this review must be interpreted with caution due to the methodological limitations of this study. The results of this review are based upon the pooling of results across various retrospective studies. Results were pooled across similar study subgroups when possible to ensure homogeneity across study designs. The pooling of studies also allows for an increased sample size and higher statistical power when determining effect size. Limitations of this study include the use of retrospective studies in the meta-analysis. Three of these studies [22, 29, 33] include registry data (Swedish Arthroplasty Registry, Medicare population) with large patient populations, which significantly increase their weight in the pooled results. Thus, the pooled risk ratio calculated in the different subgroups may be driven by the results of a select few trials. Moreover, retrospective studies are prone to publication, attrition and selection bias which can affect the validity of the results. The use of unadjusted results in the meta-analysis affects the comparisons made across different studies due to the lack of information available about pre-operative and post-operative status for patients in each treatment arm. Variations in surgical technique, pre-operative and post-operative care protocols across different institutions may also increase confounding across the pooled results. Furthermore, most of the studies included in this review performed staged procedures across a variety of intervals, ranging from 3.6 days to 5.9 years. The staging of procedures over these intervals may lead to a variety of confounding factors, such as increased patient age, level of recovery from the first procedure and differences in surgical technique. Additionally, a majority of studies did not specify differences between sequential bilateral total knee arthroplasty and simultaneous bilateral total knee arthroplasty performed under one anaesthetic. Lastly, this review only accounts for major complications that were consistently reported in the literature. Further research must be conducted to evaluate minor complications amongst simultaneous and staged procedures.
A recent meta-analysis conducted by Restrepo and colleagues [27] measured outcomes similar to the ones reported in this study. The results of their review suggest a higher risk of cardiac events and mortality following simultaneous bilateral total knee replacement when compared to unilateral and staged bilateral total knee replacement. The study also reports no increased risk of deep vein thrombosis or pulmonary embolism in either comparison group. The results of our study strengthen the conclusions of Restrepo and colleagues [27] by introducing an additional 41,432 patients to the mortality estimate and 33,939 patients to the peri-operative complications estimate, which increases the sample size and allows for the calculation of a more robust effect size. Our study also adds to the results of Restrepo's metaanalysis by examining infection rates and revision surgeries amongst both comparison groups.
Another recent meta-analysis conducted by Hu and colleagues also found similar results to our findings [13] . They reported that 30-day mortality and rates of neurological complications was significantly in higher in patients that received simultaneous total knee arthroplasty. In addition, similar to our findings, they found no significant difference in complication rates between the two groups.
In conclusion the findings of our study suggest that SBTKA procedures are associated with a higher risk of mortality at 30 days, 3 months and 1 year after surgery when compared to StBTKA. However, there are no significant differences between the two groups in regards to in-hospital mortality. The risk of peri-operative complications including deep vein thrombosis, pulmonary embolism, cardiac complications and infection rates is similar between simultaneous and staged groups. The results of the review must be interpreted with great caution due to the use of non-randomized retrospective studies in the primary meta-analysis and due to the limited number of studies included in each outcome. The results of this review bring to light the significant lack of evidence on this important topic. Further research must be conducted − in the form of a randomized clinical trial-to evaluate the outcomes mentioned in this review. Additionally, studies must also be conducted to determine the ideal range for performing a staged procedure (i.e., peri-operative stay or staged at 8 months). Information about quality of life and patient satisfaction following surgery may provide insight into the patient's experience with these two common knee replacement procedures. Comparing this information with resource implications and cost-analysis data will allow patients, surgeons and health care professionals to make informed decisions when weighing the benefits and risks of simultaneous and staged bilateral TKA.
